1. Introduction {#sec1}
===============

Life cycle assessment (LCA) has been used to evaluate environmental impacts of products or processes. LCA can assess the potential environmental impacts from all stages of a product or a process life cycle. In the wastewater treatment plants (WWTPs), LCA had been used to select the processes that have better environmental performance. LCA studies of wastewater treatment had been conducted to compare different stages of a treatment process, combinations of various treatment units, and varieties of treatment scenarios. A number of LCA studies analyzed practical application as case studies (e.g. [@bib32]; [@bib11]; [@bib39]; and [@bib1]). Many processes and new technologies were tested or evaluated using LCA as well (e.g. [@bib37]; [@bib31]; [@bib28]; and [@bib38]).

Although many efforts were made to incorporate uncertainty analysis in LCA studies, it is still uncommon practice ([@bib26]). The impact of uncertainty on outcomes of LCA were not considered in many studies, including a number of comparative evaluations of different wastewater sludge management and treatment processes (such as [@bib24]; [@bib12]; [@bib39]; [@bib3]; [@bib49]; [@bib48]; and [@bib47]). Neglecting the impact of uncertainty in LCA studies may results in reducing confidence on LCA outcomes. [@bib35] showed that it is difficult to draw a robust conclusion between some wastewater treatment techniques if uncertainty analysis was not adequately addressed.

Many classifications for uncertainty can be found in literature ([@bib9]). [@bib26] classified uncertainty in LCA into three classes: parameter, scenario, and model uncertainty. The parameter uncertainty concerns about data representativeness and may include uncertainty in the data relating to process inputs and environmental discharges, uncertainty in the data due to spatial and temporal variations, uncertainty due to technology characteristics, random errors, statistical variation, and uncertainty due to approximation. The scenario uncertainty included uncertainty in choices' selection, valuation and weighting factors, time horizons, geographical scales, natural contexts, allocation procedures, waste handling scenarios, environmental thresholds, and expected technology trends. The model uncertainty included uncertainty in models for deriving emissions and characterization factors. Other types of uncertainty may include subjective judgment or volitional uncertainty, disagreement among stakeholders, systematic errors, and ambiguity of information ([@bib9]).

Quantifying uncertainties is essential and important for LCA studies ([@bib51]). [@bib5] recommended using three approaches to address the issue of uncertainty: 1) a technical approach that develops data and models of improved quality through expanded researches; 2) a societal approach that builds consensus among stakeholders to develop the needed LCA data; and 3) a statistical approach that quantifies uncertainties and incorporates the impact of uncertainty in LCA outcomes and related decision-making process.

One commonly used method to reduce the impact of uncertainty on LCA outcomes is to decrease the boundaries of the system to be analyzed. In wastewater treatment processes, this can be done by limiting the LCA to a case study to assure the use of representative data as possible. This may be referred to as "case study base approach". But even when dealing with one plant, the data collected will have variability. Also, more data still need to be collected to compensate missing data and build alternative scenarios which usually associated with the problem of variability in conditions. In the processes of wastewater treatment, the expected sources for variability may include: variability in the data collected due to spatial or temporal conditions, variability comes from inherent variations in the real world, variability in sources and variability in treatment conditions. Such data may also be outdated or miscalculated due to human errors. In addition, data uncertainty may also come from inaccurate measurement or approximation due to lack of data.

To handle LCA related uncertainties, [@bib29] discussed three major methods: sensitivity analysis, qualitative assessment, and quantitative assessment. The sensitivity analysis is to identify major contributors in the LCA model, and evaluate how changes in the values of these major contributors affect the LCA outcomes. The qualitative assessment includes the characterization of data and sorting them according to the factors that may cause variabilities in LCA outcomes. The quantitative assessment is to apply appropriate statistical analysis that involve in intervals, scenario modeling, fuzzy data, analytical uncertainty, propagation, probabilistic simulation, and Bayesian statistics (e.g. [@bib26]; [@bib8]).

An LCA study typically consists of four stages: setting the scope and boundary of the study, developing life cycle inventory (LCI), conducting impact assessment, and interpreting results. Each LCA stage involves in various levels of uncertainty ([@bib18]), which unavoidably affects LCA outcomes and the LCA-based decision-making. Uncertainties inherited in LCI data and the difference caused by choosing different life cycle impact assessment (LCIA) method can cause most significant impacts on outcomes of an LCA study ([@bib26]; [@bib44]; and [@bib25]). Many sources such as outdated, incomplete, or incorrect data can contribute to uncertainty in LCI ([@bib10]). [@bib17] showed that the uncertainty can vary between the LCIA methods used for assessment. [@bib19] showed that the framework needed for incorporating uncertainty analysis in an LCA study may vary with LCA type. The objective of this research was to evaluate the impact of uncertainties associated with LCI and LCIA on LCA outcomes through case study of a full-scale wastewater sludge treatment processes, and provide a structured and systematic method for handling LCA uncertainties.

2. Methodology {#sec2}
==============

2.1. Scope of the study {#sec2.1}
-----------------------

The wastewater sludge treatment process of the Bissell Point Wastewater Treatment Plant (BPWWTP) in Saint Louis, Missouri, USA was chosen for case study. As shown in [Fig. 1](#fig1){ref-type="fig"}, the BPWWTP sludge treatment process mainly consists of mechanical sludge dewatering by belt filter presses, multiple hearth incineration (MHI), bottom ashes to lagoons for drying then to landfill for final disposal. The LCI data that included both operation (e.g. wastewater flow rates) and facility installation (e.g. building materials) were collected directly from the BPWWTP. Commonly accepted data published in authoritative technical literatures were used to fill data gaps.Fig. 1MHI wastewater sludge treatment process of Saint Louis BPWWTP (current process).Fig. 1

For comparative analysis, two alternative treatment processes were developed for this research. The first alternative process, as shown in [Fig. 2](#fig2){ref-type="fig"}, mainly consists of sludge dewatering by belt filter presses, fluid bed incineration (FBI), bottom ashes to lagoons for drying then to landfill for final disposal. To limit variations, the same scrubber system currently in place will be used and no increase for air permit was assumed. The second alternative process, as shown in [Fig. 3](#fig3){ref-type="fig"}, mainly consists of gravity thickening of the sludge, anaerobic digestion (AD), digested sludge to lagoons for drying then to landfill for final disposal. The sludge that feed into these two alternative processes is the same as that to the current MHI process. For those operations and facility installation aspects of these two alternative processes that are identical to those of the MHI process (e.g. mechanical dewatering equipment, lagoons, landfills), that same data from BPWWTP were used. Where there were data gaps (e.g. data of FBI facility, gravity thickeners, AD tank, biogas production), commonly accepted data published in authoritative technical literatures were used. Examples (e.g. energy production from the AD process) describing how LCI data for proposed alternative processes were developed are discussed in the file "Supplementary Materials.doc".Fig. 2Wastewater sludge treatment process with fluid bed incineration (A proposed alternative).Fig. 2Fig. 3Wastewater sludge treatment process with anaerobic digestion (A proposed alternative).Fig. 3

2.2. LCA functional unit {#sec2.2}
------------------------

In LCA studies on sludge management, it is preferred to select a dry mass unit (e.g. one dry kg of untreated sludge) as a functional unit so every LCI can be normalized to it. The fraction of volatile solids (VS) in the sludge affects the operations and released emissions for the sludge treatment process. [@bib50] estimated the VS fraction of sludge from typical municipal WWTPs such as BPWWTP is in the range of 60--80%. [@bib47] and [@bib49] used 72% and 70% for VS, respectively. This research set 70% as the VS fraction of the studied sludge.

2.3. LCA boundary {#sec2.3}
-----------------

LCA boundary defines the scope of LCI. The LCA study included materials for building various facilities of the treatment processes; energy, chemicals, and major supplies that are consumed or recovered during operation. For example, consumed natural gas and electricity, collected biogas by the AD process, used polymer for dewatering, fuels and equipment that are used to transport final residuals to landfill, landfill operations, and the land occupied by the treatment plant were included. However, the energy and fuels that were consumed for constructing the plant were excluded on basis on the studies by [@bib13]; [@bib47]; [@bib12]; and [@bib33] that these consumptions are relatively small amount when comparing to other LCI values. The office building, general maintenance, labor, dust and noises control, and auxiliary water usage were excluded from this study because these units are used in all of studied processes. [@bib49] recommended that, when two or more processes are compared, LCI doesn\'t need to include every unit that are identical and are used by all processes.

2.4. Characterization of LCI data {#sec2.4}
---------------------------------

[@bib17] showed that the primary uncertainty comes from LCI in a given LCIA method. More emphasis has to be applied on this phase by assigning the proper qualitative or quantitative estimate for each inventory. One major step to reduce uncertainty is to have a characterization of data inventory. For that, selective indicators were chosen for the inputs. These indicators could be classified into two categories; one has to do with the appropriateness of the data such as flow rate, solids content, and spatial conditions. The other category has to do with the reliability of the data such as the date and its amount ([@bib29]). The inventory data was characterized with the main affecting factors including statistics of data (e.g. mean, typical, range, etc.), flow rate, solids content, retention time, technologies or treatments used, and age, source, and methods of collection. If some variation in data came from the influence of some factor(s), a correlation was investigated to assign the suitable data for the case study as indicated in the file "Supplementary Materials.doc".

2.5. LCIA method selection {#sec2.5}
--------------------------

One of the most important steps in the LCA study is to choose the suitable LCIA method. The impact assessment method is a connection between the life cycle inventory with the impacts on humans and the environment. A way of making this connection is to classify the LCI results into impact categories depending on the effects they made to the human health and the environment.

LCIA methods illustrate the impact through two control stages: midpoint and endpoint. Information from LCI are consolidated at the midpoint stage and are reported as stressors in quantitative measures such as total amount of kg CO~2~ equivalent or kg N equivalent from all of LCI. The damages on human health, ecosystem, and the natural resources are described at the endpoint stage, and are reported in quantitative measures such as disability adjusted life years (DALYs, i.e. the number of years life lost and the number of years lived disabled), loss of species over a certain area during a certain time, and expenses needed by future generations to extract resources depleted by us. Both midpoint and endpoint stages are considered in the reported research of this paper.

Many LCIA methods are available for LCA study such as Eco-indicator 99 ([@bib41]) and IMPACT 2002 ([@bib20]). [@bib23] reported the use of Eco-indicator 99, CML2000, and Ecological Scarcity for LCA analyses of water reuse processes. It was recommended that LCIA method should be able to cover most of the impact categories concerned, and produce and report LCA in a single score for easy comparison among evaluated options ([@bib17]; [@bib30]; [@bib40]). Choosing such method will help discover elements that have high overall contribution to the impacts and ease performing more data collection analysis. After running a preliminary analysis and calculating the percentage contribution to the single score for every inventory, an LCA practitioner may perform more data collection for those inventories with high contribution in order to reduce uncertainty and gain more confidence in data collected and outcome resulted.

ReCiPe was an upgraded method from the Eco-indicator 99 ([@bib7]). The ReCiPe method reports the impacts on the environment or health in 17 categories. These 17 impact categories include the most relevant to the impacts resulted from wastewater treatment processes such as human toxicity, particulate matter or photochemical oxidant formation, fresh water eutrophication, marine eutrophication, and terrestrial acidification. ReCiPe method is able to produce a weighted single score for reporting the overall LCA impact. ReCiPe was chosen as the LCIA method for this research.

[@bib17] showed that the Eco-indicator 99 has the lowest uncertainty while EDIP method had the highest. Some studies showed high uncertainties from LCIA method especially in the toxicity related impact categories making it difficult to drive clear conclusions from LCA without careful selection of LCIA ([@bib40]). To consider the uncertainty in LCIA methodology, an LCA practitioner had to test results with more methods as possible; and the following steps can be used:1-If the concern was one of the midpoint impact categories then comparison should be made between these categories. Due to difference between categories used by different methods, LCA may focus on only similar categories with similar units. LCA practitioner should pay attention only to categories that have high contribution to the total impact.2-If the concern was the overall impact on environment then comparison should be made between damage categories and single score at the endpoint level. If results show some differences, these differences should be explained to decision makers with recommendations. Although, calculating single scores will need a weighting step which adds another type of uncertainty, it is necessary for comparison in this level. The weighting used will depend on selected cultural perspective. The model uncertainty due to cultural perspective will not be discussed in this paper.

2.6. Identifying major parameters in LCI {#sec2.6}
----------------------------------------

Literature review and expert opinions are essential in knowing what the contributors to be in the inventory are. The inventory for each scenario was built. Then, the results of models were used to identify major contributors using a single score indicator. An inventory with a single score contribution higher than 1% of the total impact in a model was considered major contributor, while those with a contribution less than 1% were considered minors. Major parameters for this research included natural gas and electricity consumed, energy produced from biogas, and chemicals (e.g. polymer) for dewatering. These parameters were selected for more data analysis to ensure accuracy as can be found in the file "Supplementary Materials.doc".

When LCI for a major parameter is incomplete, the following methods are used:1)In some cases, the principle of similarity between two processes can be used. For example, due to the lack of information of the steam electric heat rate in the process of sludge incineration, the heat rate from coal-fired power plant can be used due to similarity in principle of the two processes.2)Applying mass balance to fill data gap of missing values ([@bib29]; [@bib16]). For example, mass conservation could be used to estimate the amount of bottom ash resulting from sludge incineration depending on the percentage of fixed solids.3)Using ingredient data to calculate. For example, NO~x~ emissions from wastewater treatment processes can be determined from fuel consumption and are calculated by using the IPCC methods ([@bib46]).4)Using database comes with the LCA software (e.g. selected data in the Ecoinvent database that are available in SimaPro software were used to fill in data gap of air and water emissions from wastewater sludge treatment process) ([@bib4]).

If a parameter is relevant to the studied process, but the researchers don\'t consider the parameter as equally significant as those major parameters, the parameters are put in the category of minor parameters and are handled in the following methods.1)Neglecting from the LCI if not often found. E.g. asbestos are not normally present in wastewater sludge, hence asbestos are not included in incineration emissions ([@bib34]).2)Including regulated parameters. E.g., it is recognized that wastewater treatment LCA studies did not follow consistent criteria what to include or what to exclude in terms of air emissions from incineration ([@bib27]). [@bib12] included CO~2~, N~2~O, dioxin, and emitted metals of Cr, Pb, Cd, Hg, and Zn from FBI process. The LCA study by [@bib24] on FBI included emitted metals of As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn. [@bib13] included CO~2~, CO, NO~2~, total particular matters (PM), dioxin/furan from incineration, but didn\'t consider any of metal emissions. In some cases, the inconsistency comes from the difference in the impacts that were assessed. [@bib33] evaluated limited number of impacts and included only CO~2~, CO, NO~x~, CH~4~, and SO~2~ in their study of the FBI. The recommended approach is to include all parameters whose emissions are regulated; regardless of how much are these parameters may contribute to the impact. Applicable local, regional, or international regulations are to be considered. The US *Clean Air Act* Section 129 requires EPA to set emission limits of nine pollutants from *Sewage Sludge Incineration* facilities: cadmium, carbon monoxide, dioxins/furans, hydrogen chloride, lead, mercury, NOx, particulate matter, and SO~2~. These nine pollutants are all included in LCI of MHI and FBI. Additional parameters may be included if LCI data are readily available from wastewater plant or literature.

2.7. Estimating uncertainty of LCI data {#sec2.7}
---------------------------------------

The uncertainty analyses by Monte Carlo simulation incorporate the variation in data values of the considered parameters. Because available data can be in any form in terms of how many data points and distributions, suitable mathematical model to describe the distribution of each parameter\'s values becomes necessary. Common distributions for parameters associated with wastewater treatment processes are normal or lognormal distribution ([@bib36]). In LCA\'s Ecoinvent database, all data follow lognormal distribution. For normal distribution, two times of standard deviations cover 95% confidence interval and the arithmetic mean represents the best guess value. For lognormal distribution, the geometric mean divided and multiplied by the square of geometric standard deviation cover 95% confidence interval and the geometric mean represents the best guess value.

When adequate number of data points is available, a goodness-of-fit test was conducted to verify the mathematical distribution and determine the best guess value and the standard deviation. [@bib53] suggested that, when 30 or more data points are available, the goodness-of-fit test should be conducted. For this study, routinely monitored data at BPWWTP such as treatment flow rate, amount of incinerated sludge, consumed natural gas, electricity, and chemicals for dewatering all provided adequate number of data points and were tested. The analysis using Anderson-Darling (A-D) statistics method revealed these parameters generally followed lognormal distribution.

On the other hand, when the number of available data is inadequate for running goodness-of-fit test, alternative approach was considered. [@bib21], [@bib22] suggested taking (+/-50%) of available data\'s range as upper and lower limits. [@bib29] suggested using large intervals when small number of data is available. When available data are reported as a range, or a range with a typical value, instead of an average or distribution, it is assumed that the data follow a lognormal distribution, and the best guess value is defined as the geometric mean that is calculated from the minimum and maximum values of the reported range.

When available data are reported as only a typical value, data\'s uncertainty can be estimated using a data quality approach, which use data quality indicators to develop additional data points for each parameter. These indicators are semi-quantitative numbers that specify the data quality in relation to the way it was used in the study ([@bib54]). The following equation is used to calculate the square geometric standard deviation. The seven indicators in the equation define the uncertainty factor of a specific aspect. These seven indicators arranged in as described by [@bib43], [@bib54], [@bib6].$$\mathbf{S}\mathbf{D}_{\mathbf{g}95} = \mathbf{\sigma}^{2} = \mathbf{ex}\mathbf{p}^{\sqrt{{({\ln{({\mathbf{U}1})}})}^{2} + {({\ln{({\mathbf{U}2})}})}^{2} + {({\ln{({\mathbf{U}3})}})}^{2} + {({\ln{({\mathbf{U}4})}})}^{2} + {({\ln{({\mathbf{U}5})}})}^{2} + {({\ln{({\mathbf{U}6})}})}^{2} + {({\ln{({\mathbf{U}7})}})}^{2} + {({\ln{(\mathbf{Ub})}})}^{2}}}$$

Where these are uncertainty factors of: U~1~: reliability, U~2~: completeness, U~3~: temporal correlation, U~4~: geographic correlation, U~5~: other technological correlation, U~6~: sample size, U~7~: added human error factor, and U~b~: basic uncertainty factor. Of these data quality indicators, five were suggested by [@bib54]. These indicators are reliability, completeness, temporal, geographical, and further technological correlation. Ecoinvent database adopted these indicators and added sample size as an additional indicator. This study added another indicator to cover uncertainty from human errors. These seven indicators arranged in a Pedigree Matrix as described by ([@bib43]). The basic uncertainty factor is determined by experts for observed range of each parameter. The default values of these indicators are shown in the Pedigree Matrix described in [@bib43]. The LCI data of the three studied processes are shown in the "Supplemental Materials.doc" file.

Another type of uncertainty analysis is to test sensitivity of results to qualitative selection of probability distributions when enough data are not available. For instance, uniform, triangular and normal distributions could be used as part of a sensitivity analysis, instead of utilizing lognormal distributions only (normative, subjective). However, due to size limitation in this paper, such sensitivity analysis will not be performed.

2.8. Monte Carlo simulation for uncertainty estimation {#sec2.8}
------------------------------------------------------

Because values of LCA parameters are distributed in its respective range, only using the deterministic means for results evaluation and comparison is inadequate. Comparison will have to be conducted in all of possible combinations through Monte Carlo simulations.

When comparing different scenarios, it is easy to make the selection when results show a significant difference, but when the upper and lower limits of the scenarios' results are overlapped this may reduce the confidence in conclusions made from results. For this reason, SimaPro does not show the overlapped distributions as this can easily lead to a wrong interpretation. Instead, SimaPro uses A-B approach. This approach calculates the difference between scenario A and scenario B in every iteration, and then shows in how many times scenario A scored lower than scenario B. when deal with more than two scenarios, SimaPro suggested using pairing simulation between the scenarios then extrapolate the preferred scenario from these comparisons.

This approach is time-consuming especially when there are many scenarios. As an example, to compare six scenarios, 15 comparisons are needed. [@bib2] suggested reducing the number of Monte Carlo comparisons through: 1) running Monte Carlo simulation for each scenario separately, 2) combining the probability distributions of outcomes (in the impact and damage categories and for the single score) for all scenarios together to see the overlapping, and 3) if two or more of the scenarios are overlapped in most of the life cycle stages (impact assessment, damage assessment and single score), then comparative Monte Carlo simulation can be performed for them.

Monte Carlo simulation offers the capability and simplicity to produce probabilistic results ([@bib9]; [@bib16]), hence it was chosen for quantify uncertainty for this research. The method was referred to as a promising technique due to the ability to simulate various parameters distributions such as uniform, normal, or lognormal in the model ([@bib15]), and the ability to perform all types of operations such as multiplications or matrix calculations ([@bib29]). LCA software SimaPro 8.0 has a built-in Monte Carlo simulation capability and was used for all analysis. Because three wastewater sludge processes (MHI, FBI, and AD) were studied, pairing simulation of MHI vs. FBI; MHI vs. AD; and FBI vs. AD were conducted. Simulation results were analyzed further for comparative evaluation among the three processes.

To test uncertainty from other LCIA methods, MC simulation between alternatives was performed using two other endpoint LCIA methods; Eco-indicatior 99, and Impact +2002. [@bib55], show that differences between LCIA methods may comes from differences in; 1) the underlying characterization model, 2) substance coverage, 3) relative ranking of the reference substance, 4) spatial scales and reference years for normalization references, 5) approaches to weighting the differences between methods, and 6) due to combining similar compounds into a group with single characterization factor. [@bib45] show that the single score resulted from each LCIA method cannot be directly compared with the other due to differences in characterization, normalization, and weighting factors used in each method. Hence, when it comes to evaluate outcomes from different methods, impact or damage categories will be used for comparison instead of comparison based on single scores.

The procedure of uncertainty analysis used in this study can be summarized in [Fig. 4](#fig4){ref-type="fig"}.Fig. 4Organization chart of the uncertainty analysis procedure used by LCA of wastewater sludge treatment processes in WWTP.Fig. 4

3. Results and discussion {#sec3}
=========================

3.1. Analysis of MHI process {#sec3.1}
----------------------------

LCI parameters are defined as distributed values: the values of each parameter vary in its respective range due to uncertainty. Monte Carlo simulations were conducted on each of three wastewater sludge treatment processes. For each process, the Monte Carlo analyses went through over 5,000 simulations resulted from combination of assorted values of included LCI parameters. The deterministic means were calculated results based on the average value of each parameter. The probabilistic means are based on the Monte Carlo simulations. The analysis results on MHI process are shown in [Table 1](#tbl1){ref-type="table"}.Table 1Monte Carlo Simulation Results for **MHI** Process: Characterization, Damage Assessment, and Single Score (One kg of Dry Mass of Sludge. ReCiPe Method, 95% Confidence Interval).Table 1Impact categoryUnitDeterministic meanProbabilistic MeanMedianSD[∗](#tbl1fnlowast){ref-type="table-fn"}CV[∗∗](#tbl1fnlowastlowast){ref-type="table-fn"}2.5%97.5%Climate change (human health)DALY E-074.744.773.434.4092.21.2415.7Ozone depletionDALY E-111.881.901.351.6586.90.616.02Human toxicityDALY E-072.162.161.851.2055.50.865.16Photochemical oxidant formationDALYE-101.151.161.090.4034.00.662.13Particulate matter formationDALYE-073.623.673.211.7347.11.908.17Ionizing radiationDALYE-091.411.410.921.491050.275.18Climate change (ecosystems)species.yrE-092.692.701.942.4992.20.708.89Terrestrial acidificationspecies.yrE-113.133.182.721.6953.21.527.48Freshwater eutrophicationspecies.yrE-128.818.725.8411.71342.1431.0Terrestrial ecotoxicityspecies.yrE-113.063.002.691.4046.81.246.60Freshwater ecotoxicityspecies.yrE-121.531.561.251.1372.10.494.36Marine ecotoxicityspecies.yrE-153.683.683.072.2360.51.539.33Agricultural land occupationspecies.yrE-114.204.222.794.351030.8715.2Urban land occupationspecies.yrE-117.437.446.074.4259.43.9918.7Natural land transformationspecies.yrE-125.065.47-3.5830.6560-22.680.8Metal depletion\$ E-045.715.935.501.6427.64.1510.4Fossil depletion\$2.802.862.272.1575.10.828.17Ecosystemsspecies.yr E-092.882.872.172.5589.00.749.50Human healthDALY E-061.051.050.880.6662.60.442.71Resources\$2.802.802.301.9068.10.757.68Single scorePtE-025.795.804.803.7063.42.1015.1[^1][^2]

The Table shows detailed statistical information for every impact or damage category which makes it easier to assess the best and worst cases in the environmental performance of the plant. For example, under the *Climate change (human health)* category, the 95% confidence interval range is between 1.24E-07 DALY and 15.7E-07 DALY, a large change of 12.7 times when the higher limit is compared to the lower limit. In a 95% confidence interval, the table shows damages between 0.44E-06 to 2.71E-06 DALY on human health and between 0.74E-09 to 9.50E-09 species.yr on ecosystem may occur due to MHI treatment for every one kg of sludge treated in the plant. With uncertainty analysis, decision makers are not limited to the deterministic results only but able to see worst and best scenarios related to the studied process.

The results revealed that the impact resulted from fossil fuel depletion has a probabilistic mean of \$2.86 (i.e. extra cost comparing to today\'s effort, when the future generation extracts fossil fuels). The Table shows that the impact from fossil fuel is significantly higher than the impact from metals depletion (\$2.86 vs. \$5.93E-04).

The uncertainty analysis may also help in estimating annual damages. When consider annual tons of dry sludge incinerated (use year 2011 as reference), probabilistic mean damage on human health, ecosystem quality, and resources become 40.2 DALY (ranged from 16.7 to 103.8 DALY), 0.11 species-yr (ranged from 0.03 to 0.36 species-yr), and \$107.3×10^6^ (ranged from \$28.8×10^6^ to \$294.1×10^6^), respectively.

3.2. Analysis of FBI and AD processes {#sec3.2}
-------------------------------------

Monte Carlo analysis results of FBI process are shown in [Table 2](#tbl2){ref-type="table"}. Positive values indicate anticipated impact (i.e. undesirable effect) on the environment or human health, while negative values indicate negative impact (i.e. beneficial effect mainly due to utilizing heat from incinerator to generate electricity).Table 2Monte Carlo Simulation Results for **FBI** Process: Characterization, Damage Assessment, and Single Score (One kg of Dry Mass of Sludge. ReCiPe Method, 95% Confidence Interval).Table 2Impact categoryUnitDeterministic meanProbabilistic meanMedianSD[∗](#tbl2fnlowast){ref-type="table-fn"}CV[∗∗](#tbl2fnlowastlowast){ref-type="table-fn"}2.5%97.5%Climate change (human health)DALY E-072.382.371.855.02212-5.5013.9Ozone depletionDALY E-11-7.74-7.78-6.1611.3-146-34.6010.0Human toxicityDALY E-07-2.26-3.52-2.755.37-153-16.24.96Photochemical oxidant formationDALY E-10-0.23-0.24-0.161.04-439-2.531.57Particulate matter formationDALY E-070.480.470.452.18462-3.674.94Ionizing radiationDALY E-09-0.28-0.78-0.591.65-212-4.541.92Climate change (ecosystems)species.yr E-091.351.341.052.84212-3.127.89Terrestrial acidificationspecies.yr E-110.770.770.601.68219-1.884.62Freshwater eutrophicationspecies.yr E-122.48-30.9-24.550.8-164-14648.3Terrestrial ecotoxicityspecies.yr E-11-0.29-0.30-0.141.16-386-3.011.55Freshwater ecotoxicityspecies.yr E-120.05-0.87-0.671.45-167-4.291.41Marine ecotoxicityspecies.yr E-150.09-2.61-1.984.56-175-13.44.54Agricultural land occupationspecies.yr E-11-2.87-2.88-2.224.63-161-13.84.47Urban land occupationspecies.yr E-11-0.18-0.180.585.33-3003-12.88.32Natural land transformationspecies.yr E-129.049.498.5314.3151-16.140.3Metal depletion\$ E-044.754.966.1210.020218.021.5Fossil depletion\$1.051.050.751.77169-1.355.37Ecosystemsspecies.yr E-091.341.291.032.94228-3.517.99Human HealthDALY E-060.06-0.07-0.0071.13-1644-2.511.99Resources\$1.051.050.751.77169-1.355.37Single scorePt E-021.190.800.784.90610-8.6410.7[^3][^4]

As shown in the forth column in [Table 2](#tbl2){ref-type="table"} (the probabilistic means), although FBI process resulted in impact on the environment or human health in a few sub-categories such as climate change human health (2.37E-07 DALY) and particulate matter formation (4.72E-08 DALY), many sub-categories such as ozone depletion (-7.78E-011 DALY), human toxicity (-3.52E-07 DALY), and ionizing radiation (-7.80E-10DALY) are in negative values, indicating beneficial effect on human health. When the probabilistic means in [Table 2](#tbl2){ref-type="table"} (FBI process) are compared to those in [Table 1](#tbl1){ref-type="table"} (MHI process), all values of FBI process (e.g. climate change human health 2.37E-07 DALY) are lower than that of MHI process (e.g. climate change human health 4.77E-07 DALY), indicating the FBI process is a more environmental favorable process.

Monte Carlo analysis further revealed the impact of uncertainty of LCI input data on the LCA output. For example, the damages on ecosystem quality range from the best scenario of saving 3.51E-09 species-yr to the worst scenario of damaging 7.99E-09 species-yr. The impacts on human health range from the best scenario of avoiding 2.51E-06 DALY to the worst scenario of causing 1.99E-06 DALY. Because selecting a more desirable and sustainable treatment process are influenced by findings from LCA analysis, the wide range of LCA results revealed the essential need and significance of adequately addressing the impact of uncertainty on process evaluation.

The Monte Carlo analysis results of AD process are shown in [Table 3](#tbl3){ref-type="table"}. Similar to the FBI process, the AD process resulted in impact on the environment or human health in a few sub-categories such as human toxicity (probabilistic mean of 1.38E-8 DALY) and urban land occupation (probabilistic mean of 1.34E-11 DALY). However, the probabilistic means in many sub-categories such as ozone depletion (-4.87E-11 DALY), climate change ecosystems (-1.24E-09species-yr), and ionizing radiation (-1.29E-08 DALY) are in negative values, indicating beneficial impact on the environment. When the probabilistic means in [Table 3](#tbl3){ref-type="table"} (AD process) are compared to those in [Table 2](#tbl2){ref-type="table"} (FBI process), AD process (e.g. climate change human health -2.20E-07 DALY) are lower than that of FBI process (e.g. climate change human health +2.37E-07 DALY), indicating the AD process is an even more favorable process in terms of the impact on human health.Table 3Monte Carlo Simulation Results for **AD** Process: Characterization, Damage Assessment, and Single Score (One kg of Dry Mass of Sludge. ReCiPe Method, 95% Confidence Interval).Table 3Impact categoryUnitDeterministic meanProbabilistic meanMedianSD[∗](#tbl3fnlowast){ref-type="table-fn"}CV[∗∗](#tbl3fnlowastlowast){ref-type="table-fn"}2.5%97.5%Climate change (human health)DALY E-07-2.22-2.20-1.293.90-178-11.92.46Ozone depletionDALY E-11-4.91-4.87-4.083.27-67-.3.4-1.07Human toxicityDALY E-070.050.140.180.21155-0.380.43Photochemical oxidant formationDALY E-100.260.270.290.1973-0.190.58Particulate matter formationDALY E-073.203.203.121.01321.415.43Ionizing radiationDALY E-09-0.48-1.29-0.841.66-128-5.15-0.21Climate change (ecosystems)species.yr E-09-1.25-1.24-0.722.21-178-6.751.40Terrestrial acidificationspecies.yr E-114.904.914.721.57322.398.51Freshwater eutrophicationspecies.yr E-12-0.0211.010.43.83354.9119.8Terrestrial ecotoxicityspecies.yr E-11-0.09-0.09-0.070.10-109-0.33-0.002Freshwater ecotoxicityspecies.yr E-120.008-0.10-0.070.12-124-0.410.04Marine ecotoxicityspecies.yr E-15-0.02-0.35-0.260.39-111-1.350.11Agricultural land occupationspecies.yr E-11-0.22-0.19-0.080.46-242-1.340.38Urban land occupationspecies.yr E-111.301.341.892.68201-5.554.88Natural land transformationspecies.yr E-12-110-110-10343.7-40-214-47.3Metal depletion\$ E-04-6.3-6.3-5.05.40-86-20.3-0.02Fossil depletion\$-0.06-0.050.070.53-1022-1.430.60Ecosystemsspecies.yr E-09-1.30-1.28-0.762.25-176-6.941.43Human HealthDALY E-06-0.100.110.200.45401-1.030.70Resources\$-0.06-0.050.070.53-1010-1.430.60Single scorePt E-020.190.230.621.85817-4.462.62[^5][^6]

Monte Carlo analysis revealed the impact of uncertainty of LCI input data on the LCA output. For example, the damages on ecosystem quality range from -6.94E-09 species-yr to +1.43E-09 species-yr. The damage on human health range from -1.03E-06 DALY to +6.98E-06 DALY. LCA results from AD process analysis revealed further the significance of uncertainty impact on process evaluation.

3.3. Comparative analysis of MHI, FBI and AD processes {#sec3.3}
------------------------------------------------------

The three studied processes were compared in pairs: FBI vs. MHI, FBI vs. AD, and MHI vs. AD. Comparison between the FBI and the MHI show that in all impact categories, except the impact on natural land transformation, there is high probability to have lower impacts from FBI. The FBI has more preference on the MHI. There are 82.4%, 70.9%, and 84.2% probabilities to have lower damages on resources' depletion, ecosystem quality, and human health, respectively when using the FBI to treat sludge.

Comparison between AD and MHI shows that the former scenario has better performance in all impact categories except in acidification and eutrophication and this is mainly due to higher percentage of solids (digestate) taken to the landfill. The AD showed better performance on the three damage categories (99.9%, 98.3%, and 97.0% probability to have lower damages on resources' depletion, ecosystem quality, and human health, respectively when using AD).

Results shown in [Fig. 5](#fig5){ref-type="fig"} reveal that, FBI minus AD processes show positive values in several sub-categories such as +78.9% in climate change human health, +78.0% in climate change ecosystems, and +100% in natural land transformation, meaning FBI would result in higher environmental damages than AD process in these categories. Therefore, if the priority concerns are about the impact of the climate change and natural land, FBI is a less desirable process when comparing to AD process. However, the use of FBI process results in less damage on the environment or human health in many of other sub-categories when the positive values shown in [Fig. 5](#fig5){ref-type="fig"} are less than 50%.Fig. 5Monte Carlo Comparison between FBI (A in the graph) and AD (B in the graph) processes. A positive value (red bar on the left) indicates the percentage among all analyzed scenarios that FBI results in higher impact on the environment than AD (i.e. FBI is a less desirable process). A negative value (open bar on the right) indicates the percentage among of analyzed scenarios that FBI results in lower impact on the environment than AD (i.e. FBI is a more desirable process). The left and right percentages are added to be 100%.Fig. 5

For the three categories of resources, ecosystems, and human health, the FBI minus AD percentages are +76.3%, +76.6%, and +44.6%, respectively. Overall, FBI minus AD is +54.7% in terms of single score. Therefore, there is more possibility (more than half of time) that the FBI process creates higher damages than the AD process.

Results of Monte Carlo simulation to compare FBI and AD processes are shown in [Table 4](#tbl4){ref-type="table"}. In addition to the differences in terms of percentages when FBI process (A in [Table 4](#tbl4){ref-type="table"}) creates higher damages on the environment or human health than AD process (B in [Table 4](#tbl4){ref-type="table"}), the differences in terms of probabilistic means and at both ends of 95% confidence intervals (i.e. 2.5%--97.5%) are also shown in [Table 4](#tbl4){ref-type="table"}. Take the ecosystem quality as an example, analysis revealed that there is 77.8% possibility that FBI process creates higher damage than AD process. However, at 2.5% limit, FBI process minus AD process shows -3.34E-09, indicating FBI process could be taken as a process of lower damage on ecosystems when comparing to AD process, when the confidence level is decreased to lower end. Therefore, decision maker for selecting an environmentally sound process needs to be aware how selection criteria such as confidence interval and uncertainty associated with LCI data.Table 4Monte Carlo Analysis Probabilistic Comparison between **FBI** (A in the table) and **AD** (B in the table) processes. The percentage indicated the probability among all combination scenarios when **FBI** process has higher impact than **AD** process in the categories. The higher than 50% probabilistic percentages are associated with positive probabilistic means, indicating FBI process causes higher impact on the environmental or human health (i.e. **FBI** is a less desirable process).Table 4Impact categoryA ≥ B %UnitProbabilistic MeanMedianSD[∗](#tbl4fnlowast){ref-type="table-fn"}CV[∗∗](#tbl4fnlowastlowast){ref-type="table-fn"}2.50%97.50%Climate change (human health)78.9DALY E-074.563.666.36140-5.2419.7Ozone depletion44.0DALY E-11-2.96-1.5811.9-403-30.916.4Human toxicity25.7DALY E-07-3.64-2.875.44-149-16.64.75Photochemical oxidant formation32.2DALY E-10-0.50-0.421.07-214-2.851.40Particulate matter formation10.1DALY E-07-2.72-2.722.41-89-7.512.26Ionizing radiation59.5DALY E-090.520.382.68519-3.876.27Climate change (ecosystems)78.9species.yr E-092.582.073.60140-2.9711.1Terrestrial acidification3.4species.yr E-11-4.13-4.132.28-55-8.560.51Freshwater eutrophication18.3species.yr E-12-42.0-35.751.5-123-16034.0Terrestrial ecotoxicity48.1species.yr E-11-0.21-0.051.18-567-3.021.63Freshwater ecotoxicity32.7species.yr E-12-0.77-0.561.47-193-4.261.51Marine ecotoxicity34.4species.yr E-15-2.25-1.624.64-206-13.34.91Agricultural land occupation30.2species.yr E-11-2.70-2.084.71-174-14.04.56Urban land occupation42.0species.yr E-11-1.52-1.056.03-398-15.09.19Natural land transformation100.0species.yr E-1211911342.93654.9218Metal depletion85.4\$ E-0411.211.811.8106-13.832.4Fossil depletion76.6\$1.100.791.82166-1.545.65Ecosystems77.78species.yrE-092.572.093.71145-3.3411.3Human Health44.6DALYE-06-0.18-0.141.24-688-2.752.21Resources76.63\$1.100.791.82166-1.545.65Single score54.69Pt E-020.580.495.27904-0.1011.7[^7][^8]

3.4. Comparative analysis of different LCIA methods {#sec3.4}
---------------------------------------------------

[Table 5](#tbl5){ref-type="table"} show the Monte Carlo comparison between the two alternatives for three endpoint LCIA methods; ReCipe 2008, Eco-indicatior 99, and IMPACT +2002. On the single score level, the two later methods favor FBI over AD. On the damage assessment level, in contradict with the ReCipe 2008 and IMPACT 2002 + methods, Ecoindicator 99 shows favorability to FBI over AD in the ecosystem quality category. The results from other damage categories are consistent from the two methods. This difference in ecosystem quality category comes from difference in characterization factors employed in every method. In general, the endpoint characterization factors derived by ReCipe for ecosystem quality indicators are systematically higher compared to eco-indicator 99 ([@bib45]).Table 5Uncertainty results of comparison between the scenario of treatment using FBI (A) and the scenario of treatment using AD (B) on the impact assessment in characterization, damage assessment, and single score stages using three endpoint LCIA methods.Table 5ReCipe H endpointEco-indicator 99Impact 2002 + v2.1Impact categoryA ≥ BImpact categoryA ≥ BImpact categoryA ≥ BGlobal warming76.36Climate change Ecosystems78.9Climate change78.9Climate change Human Health78.9Fossil depletion76.6Fossil fuels79.2Non-renewable energy75.67Freshwater ecotoxicity32.7Ecotoxicity29.9Aquatic ecotoxicity0Marine ecotoxicity34.4Terrestrial ecotoxicity48.1Terrestrial ecotoxicity100Freshwater eutrophication18.3Aquatic eutrophication69.49Human toxicity25.7Carcinogens38.2Carcinogens23.64Particulate matter formation10.1Resp. inorganics14.7Respiratory inorganics12.34Photochemical oxidant formation32.2Resp. organics59.4Respiratory organics44.23Non-carcinogens24.37Ionising radiation59.5Radiation58.7Ionizing radiation59.27Ozone depletion44.0Ozone layer39.5Ozone layer depletion47.36Metal depletion85.4Minerals85.9Mineral extraction89.4Terrestrial acidification3.4Acidification/Eutrophication0.2Aquatic acidification8.01Terrestrial acid/nutri0.26Natural land transformation100.0Land use70.0Land occupation67.99Urban land occupation42.0Agricultural land occupation30.2Climate change76.36Ecosystems77.78Ecosystem Quality6.8Ecosystem quality98.06Human Health44.6Human Health28.0Human health18.25Resources76.63Resources79.8Resources75.71Single score54.69Single score36.5Single score45.85

The ReCipe Endpoint is more justified and recommended to use for the assessment of the damage to ecosystem quality and human health, as it provides more indicators, and combines the scientific rigor of CML2001 and the simple interpretation of the results in Eco-indicator 99 ([@bib52]; and [@bib45]). Studies show that different impact assessment methods are expected to provide congregate results if one process was the main driver of environmental impact ([@bib14]) but with multiple processes in air, water, and soil under ecosystem quality category, the difference in outcome is expected. For acidification and eutrophication, the direct comparison is not possible because ReCiPe 2008 does not include impacts on terrestrial eutrophication, whereas the IMPACT 2002 + combines impacts on terrestrial acidification with impacts on terrestrial eutrophication and the Eco-indicator 99 combined acidification and eutrophication in one impact category. Emissions of ammonia and nitrogen oxides from AD are lot more than from FBI resulted in favorability of the later scenario in acidification category in all methods. Although nitrogen oxides and phosphate emission is more from AD scenario, there is difference between ReCiPe 2008 and IMPACT 2002+ in impact scores for aquatic eutrophication due to differences in the characterization models. The former includes substance fate and makes a distinction between limiting nutrients in aquatic bodies (P in freshwater and N in marine water), whereas midpoint coefficient factors in IMPACT 2002 + are those from the CML 2002 methodology where both substance fate and distinction between limiting nutrients are ignored (Owsianiak et al., 2014). Both ReCiPe 2008 and IMPACT 2002 + have terrestrial eco-toxicity as a separate impact category. Comparison shows discrepancy between the two methods. IMPACT 2002 + gives strong weight to impacts from metal emissions which led to favorability of AD scenario on the terrestrial eco-toxicity category.

4. Conclusions {#sec4}
==============

This research evaluated the impact of uncertainties from LCI and LCIA method on LCA outcomes. One full-scale wastewater treatment plant using multiple hearth incineration (MHI), and two proposed alternative processes; fluid bed incineration (FBI) and anaerobic digestion (AD), were used for case study. It was found that FBI and AD processes produced lower environmental stressors than MHI process across all 17 subcategories. Monte Carlo simulations revealed that, when comparing to the anaerobic digestion process, the probabilities that fluid bed incineration process created higher negative impact on the environment are 76.3%, 76.6%, and 44.6% in the consolidated categories of resources, ecosystems, and human health, and are +54.7% in the final single score category. Therefore, uncertainty in LCI data results in the selection of an environmentally desirable process a probabilistic process instead of a deterministic process. This research proposed a process flowchart that LCA researchers can follow for systematic handling of uncertainties from LCI encountered by LCA studies. With respect to discovering the alternative with the lowest environmental impact, studied LCIA methods point out different conclusion. Hence, the choice of the LCIA methodology over the existing alternatives does matter especially if the concern was more for one of the impact categories related to ecosystem quality. Although this study was able to cover most elements in parameters and choices uncertainty, it didn\'t cover any of model uncertainty such as the uncertainty related to different cultural perspectives which leads to different methods of deriving emissions and characterization factors, and disagreement due to subjective judgment. Hence, further uncertainty analysis for this case study has to be performed to cover all possible scenarios before decision makers may make their decisions.
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[^1]: SD: arithmetic standard deviation.

[^2]: CV: coefficient of variance. All columns except CV follow the specified unit. CV unit is in %.

[^3]: Standard Deviation

[^4]: Coefficient of Variation. All columns except CV follow the specified unit. CV unit is in %.

[^5]: Standard Deviation.

[^6]: Coefficient of Variation. All columns except CV follow the specified unit. CV unit is in %.

[^7]: Standard Deviation.

[^8]: Coefficient of Variation. All columns except CV follow the specified unit. CV unit is in %.
